Tunneling effects in tilted magnetic fields in n-InGaAs/GaAs structures with strongly coupled double quantum wells by Arapov, Y. G. et al.
ISSN 10637826, Semiconductors, 2013, Vol. 47, No. 11, pp. 1447–1451. © Pleiades Publishing, Ltd., 2013.
Original Russian Text © Yu.G. Arapov, S.V. Gudina, A.S. Klepikova, V.N. Neverov, S.M. Podgornykh, M.V. Yakunin, B.N. Zvonkov, 2013, published in Fizika i Tekhnika Polupro
vodnikov, 2013, Vol. 47, No. 11, pp. 1457–1461.
1447
1. INTRODUCTION
Tunneling is one of the most striking quantum
effects in condensedmatter physics as a whole and in
the physics of lowdimensional systems in particular.
A number of recent publications [1–8] were devoted
to resonant tunneling in twolayer electronic systems
containing a twodimensional electron gas, for exam
ple, in structures with two tunnelcoupled double
quantum wells (DQWs) with asymmetric scattering.
Both transverse [4, 5] and longitudinal [2, 3, 8] trans
port with a change in the voltage across the gate have
been studied. In the first and second cases the depen
dences of, respectively, the tunneling current (trans
verse conductance or tunneling differential conduc
tance) and the longitudinal resistance on the gate volt
age are measured.
In the transversetransport technique a change in
the voltage across the gate leads to a change in the
electron concentrations in the quantum wells. When
the Fermi energies in the wells coincide, resonant tun
neling occurs and electrons are equiprobably distrib
uted between the two wells. A maximum arises in the
dependences of the tunneling current (conductance)
on the gate voltage. Tunneling is lacking if the electron
concentrations in the wells are significantly different.
In the case of longitudinal transport, when the
electron concentrations in the wells significantly differ
and tunneling is lacking, we deal with two independent
quantum wells connected parallel. If the electron
mobilities in the wells are significantly different, the
effective resistance of this structure is determined by
the well with higher electron mobility (shunting
effect). The resonant tunneling of electrons occurs
also when the Fermi energies in the wells coincide. In
this case, electrons are delocalized between the two
wells and their wavefunctions are strongly mixed to
form symmetric (S) and antisymmetric (AS) states,
separated by the energy gap ΔSAS. The effective resis
tance of this structure is determined by the total resis
tance of the two wells. A maximum arises in the depen
dences of the longitudinal resistance on the gate volt
age, as well as in the dependences of the conductance.
This phenomenon is referred to as resonance resis
tance.
Resonance resistance was observed in a number of
studies [1–5]; it is explained in terms of the coherent
coincidence of tunnelcoupled electron states. The
amplitude of the maximum resonance resistance was
found to be determined by the ratio of electron mobil
ities in the wells, i.e., by the transport momentum
relaxation times, whereas the shape of the maxima of
both the conductance and resonance resistance (peak
width) is determined by the broadening of electron
states, i.e., the quantum momentumrelaxation times
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(lifetimes) of electrons. It is well known that these
times may significantly differ for selectively doped
twodimensional structures, which exhibit scattering
according to the longrange potential of remote impu
rities. Using these techniques in a certain temperature
range, one can obtain the temperature dependences of
these relaxation times.
In this study another implementation of the reso
nance resistance phenomenon is employed. Specifi
cally, resonance resistance is investigated as a function
of the parallel component of a tilted magnetic field (B||).
The basic concept is as follows. It is assumed, in zero
magnetic field, the electron system is in equilibrium,
the electron concentrations in the quantum wells are
equal, resonance tunneling occurs, and resonance
resistance arises. In this case, the Fermi surfaces of the
two quantum wells are circles with the same center at
the point kx = ky = 0. A magnetic field directed along
ky leads to the mutual displacement of the centers of
Fermi surfaces along ks by the value kB = eB||b/,
where b is the distance between the centers of the two
quantum wells. As a result, the energy and momen
tumconservation laws are satisfied only in the vicinity
of the two intersection points of the Fermi surfaces.
The magnetic field oriented parallel to the structure
layers (inplane field), removes the tunnelcoupled
states from tunnel resonance. As a result, the resis
tance in resonance (peak height) decreases with
increasing magnetic field. This phenomenon, known
as the suppression of resonance resistance by a mag
netic field, was observed in recent experiments [2, 3].
The physical reasons for the suppression of reso
nance resistance and its anisotropy with respect to the
angle between the magneticfield direction and the
current through the sample are qualitatively under
stood at present. It was found that the character of the
dependence (line shape) of the resonance resistance
on the parallel magnetic field is also determined by the
diffusion of electron states, i.e., the quantum lifetime
of electrons. Having studied the dependence of the
resonance resistance at different temperatures, one
can measure the temperature dependences of the
quantum lifetime and thus investigate the scattering
mechanisms giving rise to broadened energy levels, in
particular inelastic electron–electron scattering. It
should also be noted that quantitative description of
the resonance resistance in a parallel magnetic field
has been poorly developed for a number of reasons.
2. EXPERIMENTAL RESULTS 
AND DISCUSSION
We investigated nInGaAs/GaAs samples with
strongly coupled DQWs, in which equilibrium con
ductance was implemented over subbands of the S and
AS states, separated by a tunneling gap. The nInGaAs
quantum wells with a width of dw = 5 nm were sepa
rated by a GaAs barrier layer with a thickness of dB =
10 nm. The structure was symmetrically doped with Si
(ND = 1018 cm–3) in the barriers. The electrontrans
port and doped regions were located at a distance of
(spacerlayer width) dx = 19 nm [7]. The ρxx(B, T) and
ρxy(B, T) values were measured at 1.8 < T < 70 K in a
tilted magnetic field with detailed scanning of the
(B||, B⊥) plane within the entire circle from the maxi
mum magnetic field attainable in the solenoid (9.0 T)
to zero. To this end, we employed a precision electron
ically controlled programmable rotator (by Quantum
Design firm), which makes it possible to change the
angle of magneticfield rotation with respect to the
normal to the layer plane with a step of 0.1° [9]. Then,
based on the series of obtained curves ρxx(B, T) and
ρxy(B, T), we plotted the 3D surfaces ρxx(B⊥, B||) and
ρxy(B⊥, B||) using a special interpolation program; the
surface obtained at T = 1.8 K is shown in Fig. 1. Fig
ures 2 and 3 present the experimental dependences
ρxx(B⊥, T) and ρxx(B||, T). It can be seen that negative
magnetoresistance (NMR) occurs in both perpendic
ular and parallel magnetic fields. It is well known that
NMR in B⊥ is related to the suppression of weak
localization quantum effects.
Having analyzed the Shubnikov–deHaas oscilla
tions in a perpendicular magnetic field at low temper
atures (T ≤ 8 K), the Hall effect in weak (RH0 (B⊥, T))
and strong (RH(B⊥, T)) magnetic fields, and the posi
tive magnetoresistance in a perpendicular magnetic
field at T ≥ 20 K, we determined the concentration,
mobility, and transport momentum relaxation times of

















Fig. 1. Dependences of the sample magnetoresistance
ρxx(B⊥, B||) (volume pattern) in parallel and perpendicular
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temperature dependences (n1, 2(T), ) [7]. The
total electron concentration (nT = n1 + n2 = 2.27 ×
1011 cm–2) was also determined by analyzing the posi
tions of the peaks and the plateau for the quantum Hall
effect. An analysis of the activation dependence of the
longitudinal resistance ρxx(B⊥, T) in minima in the
quantum Hall effect yielded the tunnelinggap value:
ΔSAS ≈ 3.0 meV [7].
The following expression for the resistance in B|| || ky
was obtained in [2]:
(1)
where
and ρoff is the minimum resistance obtained when
DQW is out of resonance (Fig. 3).
The characteristic magnetic field Bc  BF =
2π/eλFb (λF is the Fermi electron wavelength) has the
form
(2)
where  =  +  and vF is the Fermi velocity.
It follows from expression (1) that Bc is the only fit
ting parameter. Having fitted NMR in weak parallel




1– B||( ) ρoff
1–
– ρ 0( ) 1– ρoff
1–
–[ ]f B||/Bc( ),=
























we obtained the dependence Bc(T) and then worked
with expression (2). Note that all electron parameters
entering (2) (except for τq) were determined from an
analysis of the magnetotransport in a perpendicular
magnetic field (see above). This approach allowed us
to obtain the dependence /τq(T), which is presented
by asterisks in Fig. 4.
The quantum lifetime τq is known [4] to be deter
mined by three mechanisms of electron scattering:
by ionized impurities ( ) (independent of T),
phonons ( ), and electrons ( ). The latter two
mechanisms are temperaturedependent. Thus, the
expression for the temperature dependence of the
quantum scattering rate has the form
In the case of scattering by remote impurities
(smallangle scattering in nanostructures with a spacer
layer),
(3)
Equation (3) was derived at 4kFds  1 (4kFds ≈ 10
for our samples). It was shown in [10] that in the case
of electron scattering by phonons the contribution
 is comparable with (τtr)–1; therefore, it can be
found from the dependences of the mobility on T. The
quantum lifetime in selectively doped structures (with
a spacer layer) is much shorter than the transport
relaxation time; therefore, the scattering rates are
described by the relation  ≈ (τtr)–1  .
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T = 2−70 K
ρxy
Fig. 2. Dependences ρxx(B⊥, T) and ρxy(B⊥, T) in a per
pendicular magnetic field at temperatures of T = 2.0–70.0 K.
1.8






T = 1.8−70 K
2.4
Fig. 3. Dependence ρxx(B||, T) for a sample in a parallel
magnetic field B|| at T = 1.8–70.0 K.
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portional to Tn, where n ≈ 3–5. Thus, one can suggest
that the obtained temperature dependence of the
inverse quantum lifetime  is related to only
the temperature dependence of the electron–electron
scattering contribution (T).
The dependence / (T) obtained by us is shown
by asterisks in Fig. 4, which presents also the experi
mental results of [4] and a number of theoretical
dependences from [11–18] (see the caption). It can be
seen that the dependence Γe–e = / (T) differs rad
ically (both qualitatively and quantitatively) from the
other ones. First, it is nonmonotonic and, second, at
small values of the parameter the numerical values of
the electron–electron scattering rate significantly
exceed both the experimental and theoretical data of
other researchers.
The contribution of electron–electron scattering
has been considered in many theoretical [9–20] and
experimental [1–8] studies (see also references in the
brief review [6]) during the last 20 years. For an ideal
twodimensional system the theoretical temperature















tron–electron scattering rate) in a singlet channel in
the ballistic mode was derived in [11]:
(4)
where qTF is the Thomas–Fermi screening wave vector.
Turner et al. [4] processed more than 300 experi
mental dependences to establish that a coefficient A =
3.06 ± 0.09 must be introduced into expression (4) to
obtain agreement with the theory [11]. All theoretical
dependences in Fig. 4 differ by only the value of factor A.
To have quantitative coincidence of our experimental
results with the theory at kBT/EF < 0.1, the A value
must be π2. It can be clearly seen (Fig. 4) that the dis
crepancy between the dependences increases with an
increase in the parameter kBT/EF. The difference in
the A values obtained by different researchers can be
the result of several reasons. First, all theories were
developed within perturbation theory on the assump
tion that kBT/EF  1. Second, it was believed for a
long time that twodimensional structures, by analogy
with the quantum Hall effect, are characterized by the
universal dependence of the quantum lifetime on tem
perature [12],
(5)
and it is not necessary to take into account the pecu
liarities of specific electron structures and experimen
tal techniques.
However, it turned out that in the case of quasi
twodimensional systems (in particular, single quan
tum wells with two quantumconfinement subbands
and double quantum wells existing in equilibrium with
subbands of symmetric and antisymmetric states,
where electron–electron interaction occurs both
within the subbands and between them), the expres
sions for ( (T))–1 are significantly complicated [8].
Clear confirmation of this statement can be found in
[18], where higher orders of expansion in Coulomb
interaction and the specificity of screening in a system
with two quantum wells were taken into account. Note
that this complication did not lead to better agreement
between the theory [11–18] and experimental data
[1–8].
We revealed even more significant (not only quan
titative but also qualitative) discrepancy with the
existing theoretical dependences. Our experimental
dependence is nonmonotonic, with an extremum
observed at kBT/EF values of about 0.1 (see Fig. 4).
A question regarding the nature of the observed fea
ture in the temperature dependence ( (T))–1 arises.
First of all, we should note that the nonmonotonic





















































Fig. 4. This figure is taken from Turner’s study [4]. The
dashed lines are theoretical predictions of: GQ [11] (A = 1),
FA [12] (A = π), and JM [15] (A = π2/2). The symbols
show the experimental results from [4] and the solid lines are
the results of their fitting by expression (4) (A = 3.06 ± 0.09)
for concentrations n = 0.3 ± 1011 and 3 ± 1011 cm–2
(upper and lower curves, respectively). The experimental
results of our study (A = π2) are presented by asterisks. The
inset shows the results of fitting our experimental data (aster
isks) by theoretical expression (4) from [11] (solid line).
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cal form of function (5). All theoretical dependences
/ (T) that are known in published works [11–20]
can be presented in the form
(6)
where the argument is x = kBT/EF. The coefficients A,
B, and C have different analytical forms in the studies
of different researchers. This circumstance is related
to the choice of different models and approximations
for taking into account electron–electron scattering,
screening, and the peculiarities of the specific electron
structure. It can easily be seen that this function also
has an extremum for certain relations between the
parameters. The position of the maximum depends
strongly on B and C and its amplitude is determined by
the parameters A, B, and C.
A values differing by an order of magnitude were
reported in [11–18]: A = π/4, 1/(2π), π/2, and π2/2
(see the caption to Fig. 4). In particular, consideration
of higher expansion orders in [18] yielded π/8 and
π/32 for single and double quantum wells, respectively.
The situation with coefficients B and C is also ambig
uous [8]. The form of the second and third terms in
expression (6) is determined by the peculiarities of
screening effects and specific experimental structures.
We fitted the experimental dependence (Fig. 4,
inset) using expression (6). It was found that the posi
tion and amplitude of the maximum can be described
by the following values of the parameters: A = 10, B = 0.1,
and C = 0. Note that B = 2qTF/kF = 0.1 (according to
expression (4)); this is not a physical result. For a two
dimensional electron gas in real nanostructures with a
low carrier concentration, the wave vector of Tho
mas–Fermi screening is larger than the Fermi wave
vector (B > 1).
Currently, the mechanism of electron–electron
scattering leading to a nonmonotonic temperature
dependence of the quantum lifetime is unknown. It is
not inconceivable that the broadening of the peak of
the resonance resistance ρxx(B||, T) at kBT/EF > 0.1 is
caused by not only relaxation processes.
3. CONCLUSIONS
Our study of the suppression of tunneling in a
DQW in a magnetic field (parallel to the sample plane
and current direction) in the temperature range T =
1.8–70.0 K yielded temperature dependences of the
quantum lifetime that are determined by inelastic
electron–electron scattering. The obtained depen
dence (T) cannot be described within existing the
ories and, apparently, the observed contradiction is not
due to electron momentumrelaxation processes. Pos
sible reasons for both the qualitative and quantitative
deviation of the experimental temperature depen
τq
ee
y Ax2 x 1–ln Bln C±+( ) Ax2 B
x
e C±ln⎝ ⎠
⎛ ⎞ ,= =
τq
ee
dence of electron–electron scattering from the theo
retical dependence in the entire temperature range are
discussed.
ACKNOWLEDGMENTS
This study was supported by the Russian Founda
tion for Basic Research, project no. 110200427, and
program 12P21051 of the Presidium of the Russian
Academy of Sciences.
REFERENCES
1. A. Palevski, F. Beltram, F. Capasso, L. Pfeiffer, and
K. W. West, Phys. Rev. Lett. 65, 1929 (1990).
2. Y. Berk, A. Kamenev, A. Palevski, L. N. Pfeiffer, and
K. W. West, Phys. Rev. B 50, 15420 (1994); Phys. Rev. B
51, 2604 (1995).
3. M. Slutzky, O. EntinWohlman, Y. Berk, A. Palevski,
and H. Shtricman, Phys. Rev. B 53, 4065 (1996);
S. Charlebois, J. Beerens, R. Cote, J. Beauvais, and
Z. R. Wasilewski, Physica E 6, 645 (2000).
4. N. Turner, J. T. Nicholls, E. H. Linfield, K. M. Brown,
G. A. C. Jones, and D. A. Ritchie, Phys. Rev. B 54,
10614 (1996).
5. S. Q. Murphy, J. P. Eisenstein, L. N. Pfeiffer, and
K. W. West, Phys. Rev. B 52, 14825 (1995).
6. S. Dietrich, S. Vitkalov, D. Dmitriev, and A. Bykov,
Phys. Rev. B 85, 115312 (2012).
7. Yu. G. Arapov, M. V. Yakunin, S. V. Gudina, I. V. Kar
skanov, V. N. Neverov, G. I. Kharus, N. G. Shelushi
nina, S. M. Podgornykh, B. N. Zvonkov, and E. A. Usko
va, Low Temp. Phys. 33, 156 (2007); Yu. G. Arapov,
I. V. Karskanov, V. N. Neverov, G. I. Kharus, N. G. She
lushinina, and M. V. Yakunin, Low Temp. Phys. 35, 32
(2009).
8. Yu. G. Arapov, S. V. Gudina, V. N. Neverov, S. M. Pod
gornykh, and M. V. Yakunin, Low Temp. Phys. 39, 43
(2013).
9. M. V. Yakunin, S. M. Podgornykh, and V. N. Neverov,
JETP 105, 241 (2007).
10. A. Gold, Phys. Rev. B 38, 10798 (1988).
11. G. F. Giuliani and J. J. Quinn, Phys. Rev. B 26, 4421
(1982).
12. H. Fukuyama and E. Abrahams, Phys. Rev. B 27, 5976
(1983).
13. G. Fasol, Appl. Phys. Lett. 59, 2430 (1991).
14. G. Zala, B. Narozhny, and I. L. Aleiner, Phys. Rev. B
65, 180202 (2002).
15. T. Jungwirth and A. H. MacDonald, Phys. Rev. B 53,
7403 (1996).
16. L. Zheng and S. Das Sarma, Phys. Rev. B 53, 9964
(1996).
17. D. Menashe and B. Laikhtman, Phys. Rev. B 54, 11561
(1996).
18. M. Reizer and J. W. Wilkins, Phys. Rev. B 55, R7363
(1997).
19. A. V. Chaplik, Phys. Rev. 60, 1845 (1971).
20. C. Hodges, H. Smith, and J. W. Wilkins, Phys. Rev. B 4,
302 (1971).
Translated by Yu. Sin’kov
